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EXECUTIVE SUMMARY

This program was initiated to investigate the potential of
nuclear magnetic resonance (NMR) for remote detection. Remote
regions accessible from only one side and the remote detection
of explosives were topics of particular interest.

The program involved the following seven specific tasks and
subtasks: (1) to identify the compounds of interest, both benicn
and explosive; (2) to locate and catalog available data on the
compounds of interest; (3) to review current remote NMR technol-
ogy; (4) to identify alternative remote NMR systems; (5) to
define a figure-of-merit suitable for comparing the alternative
NMR systems; (6) to use the figure-of-merit to identify the most
promising of the alternative systems; and (7) to predict the
performance of the chosen system. Each of these tasks was com-
pleted successfully.

The present state of remote NMR technology and the principal
conclusions of this study are outlined below.

* Remote detection by single-sided NMR is feasible.
Present systems produce low static fields (less than
500 Gauss) at modest penetration depths (10 cm).

* The most promising advanced remote NMR system'con-
figuration utilizes an Inside-Out Helmholtz pair of
current loops to produce the static magnetic field
and a semitoroid coil to produce the rf field.

* The advanced NMR remote detection system will
employ superconducting coils to produce magnetic
fields of 1,000 Gauss or more at penetration depths
in excess of 20 cm. New cryogenic materials and
fabrication techniques should eliminate many of the
difficulties previously associated with the use of
superconducting technology.

* Available data indicate that NMR remote detection
of the following explosives is possible: Compound B,
Compound C-4, PETN, RDX, TATB, and TNT. Data on the
NMR properties of explosives are sparse.

* It may be possible to define a unique signature
for many explosive compounds by taxing advantage of
nydrogen-nitrogen nuclear interactions.

Additional laboratory data and analyses are required to determine
tne range of applicability of this technology and to address the
practical problems associated with its implementation.
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I. INTRCDUCTION

The reliable detection of explosives 1n remote or inaccessible
regions poses difficult technical problems. The puroose of the
present program is to explore and evaluate the potential of one-
sided, or single-sided, nuclear magnetic resonance (NMR) for the
remote detection of explosiv 3.

NMR utilizes nonionizing radiation to manipulate the weak magnet-
ism of atomic nuclei. The non-ionizing radiation, a combination
of AC and DC magnetic fields, 1s applied to the region to be
inspected. Shortlyv thereafter, a radio freguency signal is
received from the nuclei. The characteristics of this signai a
related to the chemical properties of the material containinc ¢
nuclei.

This study was limited exclusively to NMR of hydrogen nuclei.
Hvdrogen nuclei give a strong NMR response and are anundant 1in
most of the materials of interest. Hydrogen is, without doubt,
the only nucleus likely to provide an NMR signal strong enough
for the detection applications considered.

In addition, under certain conditions, the hydrogen NMR signals
of many explosive compounds possess an almost-unique signature.
This signature, based upon differences in NMR parameters called
relaxation times, provides the foundation for a simple and direct
detecticn method.

NMR detection systems are capable of performing well in a field
environment. As an example, an NMR system to detect narcotics in
the mails was recently field tested at the Worldwav Postal Center
in Los Angeles (l). The NMR system was designed to respond to
the relaxation signature of cocaine. A total of 3,350 letters
were examined. Seven alarm responses were recorded; two were
false alarms, and five were due to letters containing cocaine.

An important reason for the success of this field test was that
the NMR system was not forced to encounter large quantities of
benign and potentially-interfering materials (other than paver)
during the inspection process. Since the volume of the inspec-
tion region in remote detection NMR is limited, 1t should be
noted that the NMR systems discussed in this report may display
similarly favorable inspection properties, even in complex de-
tection situations.

This study extends previous work in remote detection NMR,
orincipally Single-Sided NMR ana Inside-Out NMR. Previcus
inplementations of Single-Sided NMR (2,3,4) have emploved iron-
yoke electromagnets to produce the required region of remote
field. These systems were developed to measure moisture levels
in subsurface soils and in structural cocncrete.




Inside-Out NMR (5,6,7) utilizes opposed magnets to produce a
toroidal field geometry. This type of remote NMR system was
developed for geophysical exploration, i.e., as a borehole
logging tool to evaluate subsurface rock formations and hydro-
carbon deposits.

The principal objectives of this study were to define the problem
of NMR remote detection of explosives; gather available data on
the materials of interest, both benign and explosive; define a
figure-of-merit suitable for comparing alternative instrument
configurations; and utilize the figure-of-merit to identify one
or more remote detection NMR systems with the potential to con-
tribute to the solution of the detection problem. All of the
principal objectives of this study were achieved.

This report is organized along the lines of the study itself,
beginning in Chapter II with a brief presentation of NMR
fundamentals. A discussion of the NMR properties and molecular
structures of the materials of interest, which include both
explosive and benign substances, follows in Chapter III.

A discussion of system components for remote NMR is presented in
‘Chapter IV. A review of the possible combinations of these
components leads gquite naturally to several potential systems.
These systems are discussed and evaluated in Chapter V.

The most promising configuration for a single-sided NMR system is
presented in Chapter VI. The system signal-to-noise ratio is
calculated and practical considerations are discussed. Conclu-
sions and recommendations, which are guite positive concerning
the potential of single-sided NMR for explosives detection, are
presented in Chapter VII.




II. NMR FUNDAMENTALS

A. Introduction

The phenomenon of nuclear magnetic resonance (NMR) arises from
the fact that the nuclei of many atoms possess both magnetic
moments and angular momenta (8,9). In particular, hydrogen
nuclei, or protons, which are found in most materials, exhibit
magnetic properties esvecially suitable for the observation of
nuclear magnetic resonance.

When subjected to a static magnetic field, the hydrogen nuclei
align at an angle to the field, pointing either with the field or
against it, and then precess about the field at a frequency
called the Larmor frequency. The static magnetic field is often
calied the Ho field. The Larmor frequency is proportional to the
strength of the applied field, and for an applied field of 1,000
Gauss (about 2,000 times the strength of the earth’s magnetic
field) the Larmor frequencyv is 4.26 Megahertz (MHz). For
readily-attainable magnetic fields, and for most nuclei, Larmor
frequencies fall within the radio-fregquency (or rf) range from
about 0.3 - 300 MHz.

Nuclear magnetic resonance arises when an oscillating, or rf,
magnetic field is applied to the precessing nuclei. This rf
field is called the Hl field, and it is applied in a direction
perpendicular to the Ho field.

If the H1 field oscillates at the Larmor frequency, then some of
the nuclei that were originally aligned with the static field
will realign against it. The net effect is the resonant absorp-
tion of a very small amount of energy from the rf field, and this
resonant absorption is called nuclear magnetic resonance (NMR).

B. Pulse NMR

A common way to observe a nuclear magnetic resonance signal
involves placing a sample, which contains the nuclei of interest,
into a static magnetic field and then applying a short, intense
pulse of rf field at the Larmor frequency. The technique is
called pulse NMR (10).

Following the rf pulse, the nuclei precess in phase. If a coil
1s located nearby, this in-phase precession of nuclear magnets
induces a transient voltage across it. This transient voltage is
the NMR signal, which is cdlled the free induction decay (FID).

A sketch of an NMR FID is shown in Figure II-1l. The adjacent
coil, often called the sample coil, is generally wound around the
sample to ensure etfficient coupling. The sample coil is also
used, in many configurations, to apply the rf pulse.
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The magnitude of the FID signal following the rf pulse depends
upon tne duration of the pulse. A pulse of a certain length,
called a 90-decree pulse, produces a maximum in the transient
in-phase precession of the nuclear moments and, hence, a maximum
FID signal following the pulse. In fact, the effect of a 90-
degree pulse is to tip the nuclear magnetization away from the
direction of the Ho field by 90 degrees.

A pulse of twice the length, called a 180-degree pulse, produces
a ninimum in the transient nuclear precession and, under ideal
conditions, results in a zero FID response. In a fashion similar
to the 90-degree pulse, the effect of a 180-degree pulse is to
tip the nuclear magnetization away from the direction of the dHo
field by 180 degrees.

Short, intense rf fields impressed upon tne nuclear spin system
produce effects that are difficult to characterize in a brief
discussion. For an in-depth treatment of the subject, compre-
hensive references are readilv available (10,11).

C. Laporatory Pulse NMR Systems

A Dlock diagram of a typical, laboratory-type pulse NMR system 1is
shown 1n Figure II-2. The magnet applies a static magnetic field
to the sample, while the radio frecuency transmitter generates
the rf pulses. The rf pulses are applied to the sample throuch
the coupling network and sample coil, which are also used to
receive the NMR free induction decav (FID) signal.

The NMR receiver, tuned to the Larmor frequency, amplifies the
weak FID signal prior to processing and display. The controller
is responsible for circuit timing; it controls the duration of
tne pulses, the number of pulses i1in the test sequence, the timing
of data acquisition windows, and other similar tasks.

D. Remote Pulse NMR Systems

The block diagram of an NMR system for remote detection is verv
similar to that of the laboratory svstem described above. How-
ever, since access to the sample 1s restricted, remote NMR
imposes special requirements on both the macnet system and =he
sample coil.

There are tnree problems in implementing single-sided remote NMR:
(1) a magnet ceometry must be defined that will produce a homc-
ceneocus DC field in a remote recion where access is limited to
only one side; (2) an rf field must be produced within tals
remote region of DC field; and (3) the directicn of the ri field
must be perpendicular to tiae direction of tane DOC field. Practi-
cal solutions to each of three problems will result 1n a useable
remote detection NMR svstem. '
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Z. Spin-Lattice Relaxation

In pulse NMR, 1f the rf pulse 1s of the proper duration and
intensity, the nuclel absorb enercy during the pulse and,
therefore, at tne end of the pulse, are out of eguililbrium with
their surroundings. The characteristic time for the nuclei to
retuirn to eguilibrium 1s called the spin-lattice relaxation time,
Tl. TFor Dprotens in common substances 1n typical macgnetic fields,
Tl ranges from aundreds of microseconds to hundreds of seconds.

Spin-lattice relaxation times are commcnly measured in the lab-
oratory with the (180 - tau - 90) pulse sequence shown in Ficure

II-3. First, a l80-degree, or "»i", pulse 1is applied to the
sample. The ruclear magnetization i1s tipmecd bv 180 degrees, from
1ts ecullibrium value Mo to -Mo. Following the pulse the nuclear

magnetization begins to return toward equilibrium. After a time
tau (the pulse Zelay time) has elapsed, a 90-degree pulse 1is
applied. The magnitude of the FID following this pulse is pro-
oor+tional to the state of the magnetization at time tau. The
initial magnitude of the FID 1s recorded, and the experiment 1is
receated for a number of different pulse delay times. A plot of
the FID magnitude versus tau provides the characteristic time for
the return of the nuclear magnetization to eguilibrium. This
caaracteristic time 1s Tl, the spin-lattice relaxation time.

Relaxation times i1n NMR are influenced strongly ov molecular
motions which alter the angles and distances between nuclei. 1In
many compounds, tne rate and nature of molecular motion com-
pletely determines the spin-lattice relaxation time Tl. These
effects are discussed in Chapter III, following a discussion of
the spin-spin relaxation time and the NMR solid echo.

F. Spin-Spin Relaxation

One effect of the rf pulse is to align the nuclear macnets and,
at the end of a 90-degree pulse, all the nuclei are precessinc in
phase. They do not precess 1in phase forever, thougn. 3ecause
neignporing nuclei are magnetic, each nucleus is found in a
magnetic field that is the sum of the externallv-applied field
and a local field due to the presence of neighboring nuclei.
dence, there is a spectrum of precession freguencies for nuclei
Wwithin the sample.

If the spectrum of precessicn frecuencies is narrow, then all the
nucle: precess at essentially the same frequency. Following an
rf pulse, they remain in phase for a long time, i.=., many
precession periods. If tne spectrum s proad, then *there are
larce differences in tne precessicn rates between nuclei. =
lcwing an rf zulse, the chase coherence of the nucle. :1s gul
destroyed dv tinese cifferences :n dracession fraquenc:ies.

The character:
characteristic
eguilibrium, 1is

ST2C tTime that tihe nuclel Srecess 1n zhase, Or the
time for the svstem of nucle: to come to internal
ca

lied the spin-spin relaxation =ime, TZ. Since
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the nuclei must be at internal equilibrium before they can be at
complete eguilibrium, then it is obvious that Tl, for a given
material, i1s always greater than or equal to T2. For protons in
common substances in typical magnetic fields, T2 ranges from tens
of microseconds to hundreds of seconds.

In many materials, and especially in solids, experimental
estirates of T2 are relatively easy to make. First, the maximum
magnitude of the FID is noted. The FID is obscured near the end
of the rf pulse due to the finite recovery time of the receiver,
so the FID magnitude is recorded just after the receiver system
recovers. Then the FID response i1s followed until its magnitude
falls to (l/e) of its former value. The time for this decay is
approximately equal to T2, though, in fact, the true value of T2
depends upon the exact shape of the FID.

When NMR samples contain two or more substances, it 1s common to
observe more than one T2 time. A typical example is a solid
compound that has absorbed water; one T2 time is observed for the
material itself, and one for the absorbed water.

The relaxation times Tl and T2 are important because many explo-
sive compounds possess almost-unique values of these parameters.
Therefore, an NMR ~ystem may be designed to identify these
compounds in the presence of other, benign materials.

G. Solid Echo

Most solid substances exhibit very short T2 times and, as a con-
sequence, much of tnhe FID signal is obscured bv the dead time of
the NMR system (which is sometimes called the recovery time). A
two pulse technique, producing a response called a solid echo,
can be used in many cases to recover some of this lost signal.

The sclid echo sequence is shown in Figure II-4. At time zero, a
90-degree pulse is applied to the nuclear spin system. Following
this pulse, the spin system responds with an FID, but much of the
FID signal is obscured by the receiver dead time.

Shortly after the receiver recovers, as shown at time tau in
Figqure II-4, a second 90-degree pulse is applied. The rf phase
of this pulse is shifted by 90 degrees from that of the first
pulse. The effect of the second pulse is to produce an NMR
response, called a solid echo, which builds in time, goes through
a maximum, and then decays to zero. A portion of the soiid echo
1s also obscured by the dead time of the receiver; but if the
Pulse spacings are properly chosen, then the maximum in <he solid
ecnhno will be observed, as shown at time 2(tau) in Figure II-4d.

The solid echo can pe used to improve the signal-to-ncise ratio
cf the system by improving the signal response, and it can also
be used to determine tihe complete shape of the NMR free :induction
decay. It is anticipated that the solid echo technique will be
used in any single-sided NMR system for remote detection.
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H. Signal-to-Noise Ratio

The fundamental limit of sensitivity for an NMR system is deter-
mined by the signal-to-noise ratio (SNR) of that system. 1In
evaluating the technology, it is important to be able to predict
the changes in SNR that will result from changes in other para-
meters.

Laboratory Svstems

For proton NMR svstems in typical laknratory configurations, over
a wide range of operating parameters, the signal-to-noise ratio
scales according to the following expression (12),

1/2

SNR o £ (Wo>QV/B) (II - 1)

where f is the filling factor of the sample circuit (i.e., the
ratio of sample to sample coil volumes), Wo is the Larmor
frequency, Q is the guality factor of the sample circuit, V is
the volume of the sample coil, and B is the bandwidth of tnhe
receiver/detector circuitry.

Equation II-1 predicts that the SNR increases as the Larmor
frequency to the (3/2) power. 1In fact, this is a conservative
prediction. A comprehensive analysis of the problem (13) re-
sulted in the conclusion that the signal-to-noise ratio varies as
the Larmor frequency to the (7/4) power. However, over the range
of frequencies under consideration here, the difference between a
(3/2) and a (7/4) power dependence is not significant.

Remote Detection Systems

In remote detection NMR, the precessing nuclear magnetization
induces a signal voltage, i.e., the FID, into a detector coil.
The voltage induced in the detector coil, Es, is given by (6)

Ss = NQAWoMo/Z- (II - 2)

In tnis expression, N is the number of turns in the detector coil
with guality factor Q and crdss-sectional area A. In addition,
Mo 1s the total nuclear magnetization precessing at the Larmor
frequency Wo, and Z is the center-to~center distance between the
remote region of precessing magnetization and the detector coil.
It is assumed that the detector coil is aligned in order to
maximize the induced voltage Es.
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The noise voltage for a remote detection system can be estimated
from the well-known expression for Johnson noise. The noise
voltage present in the sample circuit is given by

1/2

En = (4kTBR) (IT - 3)

where R 1s the resistive component of the impedance of the sample
circuit, T is the temperature of the sample circuit, B is the
bandwidth of the system, and k is Boltzmann’'s constant.

Combining Equations II-2 and II-3 provides an expression useful
for estimating the SNR of prospective remote NMR systems. The
voltage signal-to-noise ratio may be written

SNR = (Es/En) * F (IT - 4)

where F is a term that incorporates all of the factors which may
affect the SNR that are not included in Equations II-2 and II-3.
Examples of these factors include the effects of the system
recovery time and the FID decay time T2, the effect of the length
of the rf pulse, the effect of the homogeneity of the rf field
over the remote region, the effects of the precise geometry and
orientation of the sample coil, and the effects of noise intro-
duced by subsequent amplification of the NMR signal. In general,
F is difficult to determine quantitatively. However, under a
fairly wide range of conditions, gqualitative estimates of F are
relatively easy to make.

Recalling that Mo = Mv * Vm, where Vm is the volume of the remote
region and Mv is the nuclear magnetization per unit volume, gives

SNR = (1072)(5/2k)1/2 » (woMvvm/z3) *

1/2

(NAQ) (TBR) * F (IT - 5)

The first term in Equation II-5 is a constant; the 107> factor

is included to allow use of the convenient units discussed below.
The seconé term 1s determined by the particular physical
conficuration of the remote NMR svstem. That is, a given remote
MR system will result in a given set of the parameters wWo, Vm,
and R; and Mv will be determined by the characteristics of the
material in the remcte regicn.
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The third term in Equation II-5 is determined primarily by the
detector coil and its associated circuitry. If the sample cir-
cuit 1s parallel tuned, rather than series tuned, the resistive
component of the circuit impedance is given by R = QX, where X 1is
the inductive reactance of the detector coil. With this substi-
tution, the third term becomes

1/2

Term 3 = (NAQ)(TBR) = (NA)(Q/TBX)1/2

Utilizing X = WoL, where Wo is the Larmor frequency and L is the

inductance of the sample coil, and the fact that the maximum Q of
the sample circuit, Qm, 1is limited by the system bandwidth to the
value Qm = Wo/2mB, gives

Term 3 = (NA/B)(1/21r'I‘I..)l/2

Over a fairly wide range of parameters, the inductance of the
detector coil is expressed by (14)

where L is given in Henries, N is the number of turns, and d is
the diameter of the coil in centimeters. The constant C is given
by

c = (107%/2.54)/(18 + 40(2/d)) (IT - @)

where £ is the length of the coil in centimeters. This expres-
sion for C is valid for (£/d) ratios greater than 0.4, and it is
unlikely in remote detection NMR that an (#/d) ratio greater than
about 2.0 would be encountered. Therefore, the constant C ranges
from

9 -8

4.017 x 1077 < C < 1.158 x .0
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Incorporating the fact that the area of the coil A ='rd2/4,

gives

Term 3

= (1/4B) (wd>/27C) 172

Substituting this expression into Equation II-5, and collecting
the numerical constants into the first term, gives the following
equation for the signal-to-noise ratio,

SNR

(107%/8) (sm/k) /% * (Womvvm/z3) *

3m

(1/3) (a3/7c)1/?

* F (IT - 7)

The numerical values and units for the terms used in Equation
II-7 are given below.

Wo

Mv

Vm

Boltzmann s Constant,

-23

1.38 x 10 ergs/Kelvin;

Larmor frequency, in radians/second,

2.675 x 10’ at Ho = 1,000 Gauss;

Nuclear magnetization per unit volume
in the sensitive region, in abamp/cm,

3.170 x 10”7 (for 6.6 x 10°% spins/cc,
Ho = 1,000 Gauss, and Sample Temp = 300 X);

3

Volume of sensitive region, in cm™;

Center-to-center distance between p»ickup
coil and sensitive region, in cm;

Diameter of pickup coil, in cm;

Bandwidth of the detection system, in Hertz;
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\n

The temperature of the sample circuit socurce
resistance, in degrees Kelvin;

A unitless constant that depends upon the
geometry of the pickup coil, given by
Equation II-6;

A unitless term ilncorporating all of the
factors that affect the SNR not otherwise
included in Equation II-7.
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III. ©NMR AND THE MATERIALS OF INTEREST

A. Introduction

Differences in the NMR relaxation properties of materials fcrm
the basis for NMR methods of explosives detection. Therefore, a
general appreciation of the reasons why different materials
exhibit different NMR properties is central to an understanding
of the detection technique. In the following discussion, all
comments and quantities apply specifically to proton NMR, and not
to NMR characteristics of other nuclei.

In general, the relaxation time Tl for protons is influenced by:
(a) the strength of the magnetic interaction between a given
proton and its neighbors; and, (b) the relative motion between
the proton and its neighbors. When the frequency of this
relative motion is at, or very near, the Larmor frequency, then
Tl is short. When the frequency of this motion is either much
higher or much lower than the Larmor frequency, then Tl is long.
The strength of the magnetic interaction depends primarily upon
the nearest neighbor distances between nuclei and upon the
presence, or absence, of paramagnetic impurities.

If the molecular motion near the Larmor frequency is simple,
i.e., if there is only a single type of motion and all nuclei
participate, then the behavior of Tl is relatively easy to
characterize. The behavior of Tl is generally discussed in terms
of t, the correlation time for the molecular motion. If, for
example, the molecular motion is translational diffusion, then
the correlation time, t, can be thought of as the time between
diffusional jumps. Or, if the motion is molecular reorientation,
then the correlation time can be thought of as the average time
it takes for a molecule to rotate through an angle of one radian.
In a broad sense, the correlation time may be thought of as the
inverse of the frequency of the molecular motion.

Figure III-1 is a log-log plot of Tl versus the correlation time
t for three different Larmor frequencies (A, B and C). In the
region of short correlation times, i.e., for high temperatures in
most substances, the frequency of molecular motion is much higher
than the Larmor frequency. Here, the Tl of the material is long
and increases as the correlation time decreases. Also, in this
region, Tl is independent of the Larmor frequency chosen.

When the frequency of molecular motion is roughly equal to the
Larmor frequency, Tl goes through a minimum. Since Larmor fre-
guencies can be altered experimentally by changing Ho, separate
Tl minima may be observed and these are shown in Figure III-1l.

When the correlation times are long, i.e., at low temperatures,
where the frequency of molecular motion is low compared to the
Larmor frequency, then Tl is again long and lengthens with
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increasing correlation time. However, in contrast to the short
correlation time region, the specific value of Tl in this region
depends upon the specific Larmor frequency chosen for observa-
tion. Therefore, some indication of the nature of the molecular
motion can be obtained through studies of the Larmor frequency
dependence of Tl relaxation times.

The relaxation time T2 is a rather complex function of the two
parameters that influence Tl, i.e., the frequency of molecular
motion and the strength of the internuclear coupling. However,
in general, T2 is long if the coupling between nuclei is weak,
and short if the coupling is strong. Both Tl and T2 times are
influenced by changes in the temperature of the substance, since
temperature changes affect the frequency of molecular motion. Tl
and T2 are also sensitive to the choice of Larmor freguency,
since a Larmor frequency near a frequency of molecular motion
results in a short Tl.

Of all the possible molecular motions occurrinc in common sub-
stances, three often occur at rates close enough to the Larmor
frequency to influence Tl and T2. These three motions are:

(a) molecular tumbling, (b) molecular diffusion, and (c) re-
orientation of mobile groups internal to the molecule. One, or
more, of these three motions generally determines the observed
values of the relaxation times.

In liquids, molecular diffusion, tumbling, and possible internal
motions usually proceed at rates fast compared to the Larmor
frequency and, therefore, Tl is usually long (i.e., longer than,
say, 500 milliseconds). 1In addition, since the molecules are in
rapid motion relative to one another, the coupling between nuclei
is weak and T2 is also long. In fact, in many simple liquids, Tl
and T2 are often equal.

In solids, molecular diffusion and tumbling usually proceed at
rates slow compared to the Larmor frequency. Therefore, in rigid
crystalline solids, Tl is generallv long. 1In addition, since the
atoms are fixed in place and the nuclei are essentially station-
ary, the coupling between nuclei is strong and T2 is short (15).

However, most solids are not rigid crystalline materials. Most
common substances are, in fact, composed of complex molecules
that possess side chains capable of a wide variety of internal
motions. If many side chains are present, then it is likely that
scme internal motions will take place near, or above, the Larmor
frequency (16). And, of course, the longer the side chains, the
more i1ikely 1t 1s that some internal motions will occur near the
Larmor frequency. Therefore, Tl in most common solid substances
is sport (i.e., .Less than about 500 milliseconds) and, since T2
1s aiways less than or equal to Tl, T2 is also short.
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B. Mixtures of Compounds

In use, an NMR detection system will often encounter many
different materials simultaneously. Therefore, 1t is important
to determine the response of the system in the presence of two or
more compounds.

The NMR relaxation time, or times, exhibited by a mixture of
compounds may be difficult to analyze, or to predict, gquanti-
tatively. The results depend, in large part, upon whether or rot
the molecules of the compounds are in intimate contact. If not,
and even if the compounds are in very close proximity, then the
situation i1s described by the separate responses from each of the
components of the mixture. If so, then the situation is
described by a somewhat more complex combined response. Each of
these two situations 1is discussed below.

Separate Compouncds

The description of the relaxation process when a number of
separate, noninteracting compounds are involved is fairly
straightforward. The case of two separate compounds is outlined
here, and these results are readily generalized to account for
additional compounds.

Assume that the two compounds, A and B, are allowed to come to
equilibrium in the static magnetic field and a 180 degree pulse
is applied. The nuclear magnetization, which was Mo before the
pulse, i1s rotated to -Mo immediately afterward (see Chapter II,
Section E). At time t later, a 90 degree pulse is applied and
the Z-component of the magnetization, Mz(t), is determined from
the FID height.

The return to equilibrium of the Z-component of the magnetization
1s given by the following expression:

-t/T1(A) e-t/Tl(B)

(Mo - Mz(t))/2Mo = Ae + B (III - 1)

where A 1s the mole fraction of compound of compound A, B is the
mole fraction of compound B, Tl(A) is the spin-lattice relaxation
time of compound A, and Tl(B) is the spin-lattice relaxation time
of compound B.

Although it is difficult to solve Equation III-! in general, the
solution is easy to determine i1n specific regions. For example,
when A 1s much greater than B, then the observed Tl of the
separate compounds, Tl(SC), 1s approximately equal to Tl{A).

Similarly, when 8 is much greater than A, then Tl1(SC) i1s approxi-
mately equal to Tl (B).
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It 1s 1mportant to note, however, that an NMR explosive detection
i1nstrument pbased upon Tl differences will not respond to the
(l'e) time, or Tl time, calculated from Eguaticn III-1 for a
given mixture. Rather, the instrument will respond to the
separate FID magnitudes and Tl times of the i1ndividual com-
ponents of the mixture falling withilin the 1nstrument response
window.

Mixed Compounds

If the molecules of the two compounds are in intimate contact, as
1n solid solutions, then the state of the relaxation process in
one compound 1s transmitted to the other, and vice versa. This
communication takes place in a time on the order of T2. In the
limit where T2 is short, i1.e., the communication 1s fas%t, then
the resulting relaxation rate 1s given by:

1L Tl(MC) = A/T1(A) + B/TLl(B), (III - 2)

where T1(MC) 1s the relaxation time for the mixture and the other
sympols have the same meanings as in Equation III-l.

In order for Equation III-2 to apply, the two compounds must Dbe
mixed on a molecular level. Therefore, it 1s extremely unlikely
that T1(MC), from Equation III-2, would accurately describe the
relaxation observed in the simple mixture of, for example, two
powders.

It 1s not out of the question, however, that situations could
arise which would require a combination of Equations III-1 and
III-2 for an accurate description. Quantitative analysis of
these situations would be difficult.
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C. Explosive Compounds

Many explosive compounds are structurally rigid and as a resul=,

exhibit long proton relaxation times. In addition, many explo-
sives contain nitrogen, and the nitrogen atoms ar= often situated
in close proximity to hvdrogen atoms. AsS a conseguence, exDio-

sive compounds often exhibit a relaxation efiect called aydrogen
nitrogen level crossing wnhich arises from an interaction petween
the two types of nuclei.

Nitrecgen nucleil possess a guadrupcole moment and tend tco align
along =2lectric £fi1eld gradients in the material. This alignment
prcduces nuclear guadrupole resonance (!IQR) freguencies which,
inder certa:in conditions, may de egual to the groton resonance
frequency. By adjusting the Larmor fraguency, or magnetic field,
the hydrogen and nitrogen nuclei can be brought 1nto 1in tnermal
contact and can exchange energy. This 1s called level crossing.

The Tl of the nitrogen nuclei is generally much shorter than the
Tl of =he nydrogen nuclei. The energy exchange at the lavel
crossing fregquency shortens the proton Tl. The result is that
many explosive compounds exhibit short proton Tl times at certa.n
speciiic Larmor frequencies and long Tl times elsewhere.

The chemical properties and structures of a variety of explosive
compounds are discussed below. If NMR relaxation times for these
compcunds were available, they are included along with comments
on important considerations related to the NMR detection process.

Black Powder

Black powder is a simple mixture of potassium nitrate, charcoal
and sulfer. It contains little or no hydrogen. Therefore, tlack
powder 1is not detectable by proton NMR.

Compound B

Compound B is a cast explosive (18). That 1s, it 1s cast from a
mixture into predetermined shapes. Compound B is an i1atimate
mixture of approximately 40% TNT and 60% RDX. Some Zormulaticns
may include up to 63% RDX and 1% of an unspecified wax.

It should pe possible to estimate <ne NMR properties -f Compound
3 from the NMR properties of its major constituents. The Xxnown
NMR properties of TNT and RDX are given below, and =<ne zuldelines
for estimating the relaxation properties of mixtures 3re 3:s-
zussed 1n Section B of this chapter.

Zcmpound C-4

Compound C-4, sometimes called Harr:
generic name "plastic explosive", :s
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5.3% Di(c-etnylhexyl) sepacate, 2.l3% polyisobutyi.ene, and 1.63%
motor o1l (18). The NMR properties of Di(2-etnylhexyl) sebacate
are unknown. The NMR properties of polyisobutylene have peen
recently measured (l17) and this rubbery polymer exhibits a rela-
tively short Tl of about 30 milliseconds near room temperature.
The Tl of motor o1l is unknown but 1s likely to be a few seconds
or less.

Since Compound C-4 is a simple mixture of these four compounds,
1ts NMR relaxation properties likely approximate those cof RDX,
1ts major constituent.

HMX

HMX, or 1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane, is a pure
explosive compound and the major constituent in a numpber of
plastic-bonded explosives (18). The chemical structure of HMX 1is
shown in Figure III-2.

The NMR properties of HMX are not available. However, the chemi-
cal structure saggests that, in the solid form, molecular motions
are likely to be slow. Therefore, Tl is expected to be long. In
addition, the presence of a large number of nitrogen atoms indi-
cates that significant hydrogen/nitrogen level crossing effects
may occur.

PETN

Pentaerythritol tetranitrate, or PETN, is a white, moldable
compound with eight hydrogen and four nitrogen atoms per molecule
and a molecular weight of 316 (18). The chemical structure of
PETN 1s shown in Figure III-3.

PETN 1s a sensitive and very powerful explosive with a detonation
velocity of 8,100 meters/second (19). It is used extensively in
detonating cords and, at times, as a primary or an intermediary
charge.

PETN exhibits a long Tl at Larmor frequencies considered suitable
for NMR detection (2). At 3 MHz, the proton Tl is approximatelvy
60 seconds. In common with-many explosives, PETN also exhibits
aydrogen/nitrogen level crossing. Level c¢crossing occurs at pro-
ton Larmor fregquencies of 0.50 and 0.90 MHz which correspond to
applied magnetic fields of 117 and 211 Gauss, respectivelv.

DX

*RDX, or 1,3,5-trinitre-1,3,5-triazocyclonexane, 1s a white
moldaple compound with six hyvdrogen and six nitrogen atoms per
molecule and a molecular weight of 222 (18). RDX 1s the major
component of the often-used plastic explosive C-4. The chemical
structure of RDX 1s shown 1n Figure III-4.
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Flgure III-2




CH,ONO,
O,NOCH, — C — Ci4,0NO,

CH,ONO,

Pentaerythritel tetranitrate
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RDX, originally developed as a medicine (20}, exhibits apout the
same explosive power as PETN. However, RDX i1s considerably more
staple chemically and is much less sensitive to mechanical shock
(19).

RDX exhibits very long Tl times at Larmor frequencies considered
sultable for NMR detection. &t 3 MHz, the proton Tl of RDX 1is
312 seconds at 3 MHz (2).

RDX also exhibits a hydrogensnitrogen level crossing effect which
lowers the proton Tl time at certain values of the applied fi=ld.
Level crossing occurs (2) at fields of 423, 798 and 1,221 Gauss,
wihich correspeond to proton Larmor frequencies of 1.8, 3.4 and 3.2
MHz, respectively.

TATB

TATB, or 1l,3,5-triamino-2,4,6-trinitrobenzene, is a bright v
pure explosive compound with the chemical structure indicated 1n
Pigure III-5 (18).

The proton NMR relaxation properties of TATB were determined bdv
Garroway and Resing (21). At a Larmor frequency of 60 MHz, TATB
exhibits fairly constant proton Tl times of about 30 seconds over
a wide range of temperatures indicating little molecular motion
at high frequencies. No data were available concerning hydrogen/
nitrogen level-crossing effects in TATB.

TNT

TNT, or 2,4,6-trinitrotoluene, is a light brown compound with
five hydrogen and three nitrogen atoms per molecule and a molezc-
ular weight of 227 (18). TNT is considerably less powerful, and
less sensitive, than RDX (19). The chemical structure of TNT is
shown in Figure III-6.

Compared to PETN and RDX, TNT exhibits shorter Tl times at the
Larmor frequencies appropriate to NMR detection (2). At 3 MHz,
~he proton Tl of TNT at 3 MHz is approximately 25 seconds.

Levei-crossing fields in TNT are comparable to those found in
PETN. Hydrogen/nitrogen level crossing occurs at applied fields
of 182 and 204 Gauss. These fields correspond to proton Larmor
frequencies of 0.79 and 0.87 MHz, respectively.
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D. Benign Substances

The molecular structures and NMR properties of some of the benign
substances that may be encountered during the inspection process
are discussed below. It should be noted that few, if any, of
rhese materials will exhibit the hydrogen/nitrogen level crossing
effects characteristic of many explosives.

Bakelite

Bakelite 1s a thermosetting phenol formaldehyde resin often used
as an electrical insulator. The chemical structure of bakelite,
which appears to be guite rigid, i1s shown 1n Figure III-7.

Thouagh no NMR data are available, the bakelite structure suggests
that molecular motions are restricted. Therefore, 1t is likelvy
that Tl times in bakelite are long.

Glass

Glass 1s a silicate and contains no protons. Therefore, there is
no proton NMR response from glass.

Metals

The presence of metals will interfere with the NMR 1lnspection
process. At best, the sensitivity of the NMR instrument may be
reduced. At worst, no signal at all will be received.

For example, 1if an explosive 1s placed in a metal container or
wrapped in metal foil, there will be no response from the NMR
instrument. On the other hand, the presence of metal items, or
of metal foil that does not enclose the explosive, will produce a
loss of sensitivity that may or may not be nominal, depending
upon the relative placement and orientation of the materials.

Plexiglas

Polymethyl methylacrylate is a hard clear thermoplastic polymer
with trade names such as Plexiglas and Lucite. The structure of
polymethyl methylacrylate is shown in Figure III-8. At room tem-
perature and at a Larmor frequency of 19 MHz, Plexiglas exhibits
a Tl of 88 milliseconds (22). :

Polymethyl methylacrylate has short simple side chains that
~erminate in methyl groups. This is a molecular structure
capable of exhibiting a wide range of internal moticn frequencies
in the solid state, and these motions are, no doubt, responsidle
for -ne short Tl +«imes observed for this compound.
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CHs $H3
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Molecular Structure of
Polymethyl methylacrylate

Molecular Structure of Polyethylene

Figure ITI-8
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Poclvetnv.ene

vethylene 1s a soft clear thermoplastic polymer with the
uctdre shown in Figure III-8. It 1s a very simple linear
‘mer wlth a repeating group consisting of one carbon and two
ogen atoms. A single Tl measurement at room temperature and
MHz gave 92 milliseconds (22).

.SN‘('

The cppertunities for complex motions are limited in polyethnyl-
2ne, put "crankshaft" rotaticons and chain end diffusion may occur
over a wide range of frequencies. The presence of these motions
1s Lixely the reascon for the short Tl observed in this compound.

The structure of polyisoprene, or natural rubber, is shown in
Figure III-9. Tl times observed in rubber are quite short, e.qg.,
34 milliseconds at 19 MHz at room temperature (22).

This compound possesses a simple repeating unit with very simple
side chains. Both thne side chains and the repeating units are
capable of a wide range of motional freguencies, and this 1is
consistent with the experimental observation of very short Tl
times.

Styrofoam

The principal, and perhaps only, component of styrofoam is poly-
styrene. The structure of polystyrene is shown 1n Figure III-10.
Tl times for styrofoam at 19 MHz (22) range from 0.75 to 0.82
seconds which are somewhat longer than those observed for many
other polymer compounds.

Polystyrene is a linear polymer with a carbon backbone. Phenyl
groups are connected to every other carbon on the chain. The
size of the phenyl groups hinders many of the possible modes of
molecular motion and likely slows down side chain reorientations
and "crankshaft" rotations considerably.

7inyl Materials

7inyl polymers are used to fabricate a wide variety of items. A
typical example 1is electrical tape, which is an adhesive-backed
7inyl compound. The measured Tl time for electrical tape is 122
miiliseconds at room temperature and a Larmor frequency of 19 MHz
122.. Compared to the Tl times for explosives, the relaxation
~.mes for vinyl compounds are likely to be very short.
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Wood Paper

The principal constituent of wood and Daper 1s ZCe.lilcse. A
Hawecr+<n diagram cf the repeating init Of 3 cellulcse chain 1Ls
snown in Figure III-1l. In potnh wood and vaper, -nese cha.ns are
of i1rregular length and are arranged .12 an amorpnous fashicn.

Wood and paper exhibit saort T.l times over a wide range cf Larmcr
frequencies {22!). An examination of Figure III-1. i1ndicates that
a varirety of molecular motions are pessible in cellulose, 1nc.ud-
ing side chain reorientation, "crankshaft" rotations of a crcup
of repeat:ing subunits, and end-of-chain di1ffusive motions. These
11kelv occur over a wide range of frequencies and Sive rise %o
tne opserved r=2laxation otehawv.ior.
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IV. SYSTEM COMPONENTS FOR REMOTE NMR

A. Introduction

The purpose of thils program 1s to explore and evaluate the
potential of nuclear magnectic resonance (NMR) for remote detec-
tion applications. Regions that are accessible from only cne
side are of particular interest.

Single-sided NMR remote detecticn systems differ frcm laporatorv

NMR svystems 1n that the required region of homogenecus DC field,

1.e., Ho, must be produced remotely. The required rf field, Hi,

must also be produced remotely. As 1n the case of laboratory ANMR
svstems, Hl 1n remote detection svstems must pe directed perpen-

dicular to the steady field Ho.

The following section of this chapter presents alternate methods
of producing remote regions of DC magnetic field. The tnird
section of this chapter discusses alternate methods for producing
remote regions of rf field. In the final section, a ficure-of-
merit 1s defined which allows comparison of alternate systems of
NMR remote detection.

B. DC Field Configurations’

An NMR system must be capable of producing a magnetic field that
i1s constant in time, i.e., a DC magnetic field. 1In most cases,
1t 1s desirable that this DC field be homogeneocus in the regicn
to be examined. In the case of a2 single-sided NMR system, this
homogeneous region of steady magnetic field must be produced
remotely.

Several alternate methods of producing remote fields are dis-
cussed in the following sections. First, the toroidal geometry
of Inside-Out NMR is presented. Then, a discussion of U-shaped
iron magnet technology is followed by a detailed treatment of
opposed coils and solenoids.

Opposed Magnet Configuration

An opposed magnet configuration, termed Remote Inside-Cut ANMR,

was developed as a tool for borehole logging i5,6,7!. The"
homogeneous region of magnetic field 1s produced by placing two
magnets along a line, as shown in Figure IV-1 7). The line 1is a

.ine of symmetry for the system, and the poles of the :Zwo magnets
are opposed.

This configuration results in a toroidal region of homogeneous
£ield. The toroidal region of homogeneocus field is produced in
the plane that 1s equidistant petween the two magnets and




OPPOSED MAGNETS PRODUCE REGION
OF HOMOGENEOUS RADIAL MAGNETIC

FIELD NEAR MIDPLANE

Figure IV-1
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perpendicular to the line connecting them. T“e fiel
radially outward, perpendicular %o the l:ine o vmme
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In practice, the nomogeneous region of field may be produced v
permanent magnets, electromagnets, or supercconducting coli.s.
However, since the homogeneous region results from magnets .n
opposition, the maximum fieid strength 1s i1imited. This 1s
1llustrated bv <he data (7} shown i1n Figure IV-2.

In this exampie, an electromagnet capable of a maximum £fi1eld
strength of about 15 Kilogauss 1in a typical labcratorvy
configuration produced a homogeneous field of only about 120
Gauss 1n the opposed magnet configuration. In the laboratory
cenfiguration, the field was produced over a regicon 10 cm i1n
diameter and 2.3 ¢cm long, 1.e., a 2.5 cm pole face gap. In the
opposed magnet configuration, the field was produced over a
toroid approximately 14.5 ¢m 1n diameter, with a cross-sectional
diameter of approximately 3 cm.

Shaped Magnet Confilguration

Magnets with U-shaped voke$ can be used to produce magnetic

£ieids 1n remote regions. Both electromagnets and permanent
magnets are suitable. A sketch of such a system 1s shown in
Figure IV-3.

The C-shaped yoke configuration has been recently used in NMR
systems to measure moirsture levels 1n structural concrete and in
subsurface soils (3,4). The remote region of magnetic field 1is
not as well defined as that produced by the opposed magnet
configuration and, 1n addition, 1s not as homogeneous. That 1is,
fi1eld gradients within, and near, the region of constant field
are greater in the U-shaped configuration than 1in the opposed
magnet configuration.

In fact, the cylindrical region of uniform field sketched in
Figure IV-3 represents a grcss simplification of the actual
situation. Between the twc Doles, within the indicated region ot
aniform field, the lines c¢f constant field actually conform to
tne snape of a saddle.

The maximum strength of the remote field oroduced ov a U-shaped
magnet configuration would naturaily be expected to be somewhat
greater =han that produced by configurations of cpposed magnerts
or coi1.s5. Available information on the system used %0 measure
moisture levels :n concrete 1indicates that this s, in fact, the
case.

The i1nside dimension of *the i1ron voke Ior the magnet Jised 1n =ne
svstem for <oncrete mclsture level measurements .s .. .ncnes
7.2 zZm, At maximum current, <hils system produces 3 I.eid of
424 5auss at a maximum remote distance of 6 1nches 'iS.2 cmi.
This dilstance 1s very close to the diameter cof tnhe remote fieid
~oroid 1n =he ocposed magnet example discussed apcve. The field




acuelst(q [BTpPeY Susasp
syjdualilg PIATd 44 pue Dd

Z2-A1 2andty

(wo) IONVLSIA

02 8l 9| 1 21 ol 8
B L L dn
1_ Y v | !
v 3903 1109 3
| | w _
_ [ v & N
| _ 1Y Rt
v l4¢ &1
] | 24
I | I 1o r
O
7100 44 v 9 40 | _ v I
H31N3ID WOM4 JONVLISIA |
'SA Q1314 44 YV3INIT | | -8
I _
| _ . 6
* [ _ . { ° Hns w
© e | | o 4?.).
Te e e * Juo>
[ BN BN J ILON_ ﬁ
SIXV IVYLINID (wddo0l) 013 O
WOY 4 JDONVLSIQ SA 1314 SNO3NZO0WOH 40
D1LINOVW 0@ Tvigyy NOI93Y TvaiouoL




+— Magnet for
/ DC Field
/ N

/
/
’l
H
/ 0
7/
. ./"k\\\\\\\\\\
Direction of
DC Field
Region of

Uniform Field

Figure IV-3

An Electromagnet With a 'J-Shaped Yoke
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strength 1n the remote region, tihough, exceeds th
opposed magnet example by more than a factor cf £

Opposed Ccll and Solencid Configuraticns

Current-carrying coils and solenoids can also be uised o produce
remote regions of homogeneous magnetic field. In par+<icular,
configurations of coils and solenoids designed tc produce fields
that partially cancel may be particularly useful (2,23). These
configurations are commonly called opposed colls or copposed
solenoids.

A schematic of an opposed coil pair is shown 1n Figure IV-4. The
system consists of two concentric coils of different radll. In
the coordinate system used nere, the center of the coils is
assumed to be the origin, and the Z-axis is perpendicular %o the
plane of the coil windings. The currents in the coils flow in
opposition; that 1s, they produce magnetic fields which tend to

cancel.

ince the radii of the two coils are different, the fields thax
v oroduce will not cancel in all regions of space, =ven .2
cancel 1in a specific region. For example, assume that tse

the coordinate system 1s zero. Along the Z-axis, the field due
to the 1lnner coil will fall off more rapidly with increasing 2
than the field due to the outer coil. Therefore, as 2Z increases
from the origin, the total magnetic field, i.e., the vector sum
of the fields from each of the two coils, must first increase.

However, when 7 becomes large, the fields from each of the coils
ge to zero and, hence, the total field is zero. Therefore, alonag
the positive Z-axis, the magnetic field from this coil pair is
zero at the origin, increases with increasing Z, goes through a
maximum, and then falls back to zero.

This behavior is shown in the plot of Figure IV-5. The point of
maximum field occurs at a distance IZm from the origin. The
precise location of Zm depends upon the ratio of the radii of the
two coils and the ratio of the two current flows. In %his
axample, the radius of the larger coil is assumed to be 10 uanits

and that of the smaller coil 5 units. Each produces a Zield of
‘inity magnitude at the origin. The maximum i1n the resultant
field, with a magnitude of 0.369, occurs at 5.73 units a.ong =he
Z-ax.s.

Apout <he poilnt Zm, the aomogeneity of the magnetic Iield can be
axgressed witain specifled limits. The size of the ragicon of
ascmogeneous field, 1.e., the nhomogenecus volume, desends nct onlv
2con =he 1.mi<s specified, but a.sc 1gon £he ratios ©f Tne Ccol.
racdii and current flows.

b
ot
L

The “hr=2e dimensicnal snape of <he homogenecus recicn 1S
compiex. To a crude 3pproximétlion, thougn, the hcmogenec
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region can be assumed to pe spherical in shape. This
approximation was made i1n the analyses that follow 1n a later
section.

The magnitude of the field at its maximum and the size of the
homogenecus region can be altered by offsetting the two coils

from one another. This 1s shown in Figure IV-6, wnich 1s a
sketch of opposed coils offset by a distance S. The origin,
i.e., Z = zero, 1s assumed to be at the center of the coil

closest to Zm, the point of the remote field maximum. The
configuration shown 1in Figure IV-6 is termed a negative shift.
If S extends in the -Z direction, this is termed a positive
shifc.

It 1s of interest to note that there are particular combinations
of coil radii, coil currents and offset distances that produce a
region arcund the point Zm where not only the first derivative
but also the second derivative of the field with respect to
distance goes to zero. By analogy to Helmholtz coils, these are
called Inside-Out Helmholtz configurations (23).

Inside-Out Helmholtz coils produce a larger region of homogeneous
field than do pairs of coils with arbitrary spacing and currents.
A sketch of an Inside-Out Helmholtz pair is shown in Figure IV-7,
and the corresponding plot of fields along the Z-axis 1s shown 1n
Figure IV-8. Inside-Out Helmholtz opposed coils require a
positive shift, which means that the smallest of the two coils is
closest to the remote region of homogeneocus field.

Fields that partially cancel can also be generated by opposed
solenocids. As shown in Figures IV-9 and IV-10, opposed solencids
can be either aligned or offset. These configurations are
analagous to the coil configurations discussed above, and the
coordinates used for the two systems are identical.

C. RF Coil Configurations

In addition to the steady magnetic field, an NMR remote detection
system must also produce a radio frequency, or rf, field within
the region of interest. This rf field must be aligned perpendi-
cular to the steady field in order to produce an NMR response.

Because of practical limitations on the amount of rf power that
can de conveniently generated and delivered, it is generally not
feasible to use inefficient rf coil configurations (e.g., opposed
Loops) when short rf pulses are required. A conseqguence of this
constraint 1s that appropriate rf coil configurations will likely
produce an ri field that is inhomogeneous over the useful region
of DC field. However, with careful design, it should be possible
=0 minimize the effects of this inhomogeneity.

Three rf coil configurations are examined below. A spiral
configuration is discussed first, and this is followed by
discussions of the solenoid and semi-toroid configurations.
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Spiral Zoi.

The spiral, or spirai-wound, COl. 13 3 <wo dimensicna. Coi:l
wnich, for analysis, can be considered to De a series of con-
centric single-turn coils. Spiral Co1ls ar2 somet.mes <al.ad
spiral-wound CoOi.S Or pancaxe <COl.is. A 3pilral o1l 13 sacwn
schematically 1n Figur= IV-ll.a..

-

Near <tnhe coll, ana along the axis of symmetry, 3 spiral coil
prcduces a fieid perpendicular tc the plane of the co1l winding.
-

This 1s 1llustrated 1in Figure I 1i(n).

14

Tor applications as an rf coi1l in NMR ramota detac+ion, =ne
Splral Coll must De used 1n conlunction with a svystem tnat
crcduces a OC field perpendicular to the symmetry axis of tne
spira. coil. Of the systems discussed apove, on.y =he U-shaped
coniilguration satlsiles thls constraint.

Ther=2 .s cne opvious drawback to the use of a spiral rf colil 1in
single-sided NMR, which 1s that the rf field is not focused, or
directad, toward tne region of interest. If a spiral ri coil :is
cilaced Ilush against tnhe reglon to pe examined, 30 that nwae rf
Zi2.d penetrates into the region, then an rf field of =gual mag-
nitide :s also produced outside the region of interest.

This :inefficiency is reflected, 1n part, by the rf power
requirements of the system desicned and built to measure moisture
levels in structural concrete (3). In this system, an rf pulse
power cf 200 kilowatts 1s reqguired to produce a 30 microsecond,
90 decr=e pulse at a Larmor frequency of 2.1 MHz.

Soienoilid Coll

A solenoid coil, which 1s commonly used in laboratory NMR
instruments as the sample coll, is shown schematically in Figure
IV-12. From this figure it is obvious that the solenoid coil
produces a remote, or fringe, field that in some regions 1is
parallel to the coil axis of symmetry.

The direction of the rf field produced by a solencid coil makes
1t acprepriate for use witn either the torcidal DC f:2ld zroduced
oY the opposed magnet geometry cr the localized DC Zield produced
oy oppcsed loops such as <ne Inside-Out Helmholtz. 1% saculd bde
poinzad out that the syvmmetry ci <he field orcocduced bv a solenoid
coil 3 1deally sulzed =0 =he torcidal gecmetnry of opcosed magnet
WMR. 1< .s less znan :3eal for use witn an Iaside-cus Ze.mnolisz
Jecmetr, 3.nce 1ts Iield zatzarn s not sgeciiicailly iir=sctad
Tcwar< Tne remct2 redglcrn oI homoceneous Si-=l i,
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Semizoroid 2oLl

The semiccroid ceoil (24! can ode Znougnt Of in TWO wa,s: 3 3is =2
soiencld Toll which nas heen Dent 1nto a semicircle; 2r, £ as 3
dcnut shaped, or toroidal coil., which has been cut 1n na.l. A
3K272n 0L 3 semitoroid coil and 1<s accempanying fi=21d lines, s
snown 1 Figure IV-13.

The semitoroid rf coil produces an Hl field which .s perpend:c- .
alar T2 -Zhe axis of symmetry of the coil, 1.e., tne 2 axis. This
means that tae semitoroid coil 1is apprﬂ“rlate for use witn <he
Ins:ide-Tut Helmholtz configurat:ion for generating the DC I:1214d.
In addx:ion, tne semitoroid c011 oroa”ces an rf f£:121d pat=ern )
that 1s Jirec+tad toward the remote region of homcgeneous fi1=2:3.
Ther=icre, <he semitoroid coxl should be more efficient 1n
sing.2-s:ded NMR svstems than =21ther soiral or scoienoid coils.
se of the semitorcid coll to produce the rf field has otaer
ootentilal advantages. The design parameters are very flexible
and a given coi1l can be operated over a wide range of freguen-
cl2s. FPrei:d shaping 1s a.so possible, since actual coils could
suctand major angles greater than, or less tnan, .30 decgr=es.

In addition, semitoroids can be Constucted tO reduce signiliicant-
1v the electric field associated with the rf pulse. Tnis may cze
mpor=ant in some of the anticipated applications.

D. Figure -Merit

In order to evaluate and compare alternate spectrometer configu-
rations, a {figure-of-merit 1is required. A figure-of-merit ailows
potentialiy-interesting geometries “C be screened without =i
necessity Of performing detailed calculations for eacnh one.

To arrive at the figure-of-merit, assume that an NMR spectro-
meter produces a remote region of field and, further, that the
center of this remote region is located a distance Zm from the
p.ane of the coils producing the field. The total nuclear
magnet.zation, Mo, within this remote region 1s proportional %o
“ne groduct of the vclume of the remote region, ¥m, times =he 2C
I.2.2 s=rength, Ho. That 1is,

The zuantity Mc L3 31 measur:2 oL Tne nucC.=2ar magnenlzatiIin, Tro-
Z.Z22 o Tne 3fecwurcmen2r, “naTt L3 avallapls T Ze manizuilatad.
In scme 32nse, ¢ 13 21 Ilzur=e-oli-meric. dcwever, Mo 13 nct tnoe
fl7ire-cIi-merit nseced <c LdentiIiv DICMLSLNG 3pecTrsmensr Ton-

fl37Uracicons I2r ramets Zetectlon.
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Schematic of Sem:toroid RF Cotl

Figure I7-12
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TollCwing a2 v.-iscSree Tul3e, Tne rclTace, I, Lndooced oo oof
T1TK4T T2l locatad 2 iistanc2 Io2wan 1S

Zs & Mc * Wo I°7 Vo= 2
wner2 we 1. Tae Larmor fresguency. {omprliaing (I and II1°, Zsing
“ne Z3CT %Zhat Wo 1s prepmorticnal =o Ho, and lettinc Z = Im 3a.LlCws
Fs, =ne Iicgure-ci-mer.s, to oe defined:

R 2

s = 7T * Hc".Zm” 17 o= 3
s 1s a measure Of <he NMR signal voltace induced in an rI pickuc
ccil Zor a given sTectrometer conficuraticn. Since the voiume ofF
The nomogeneous recgicon of field Vm i1s cTroporticnal to Im cused
'aT l=2ast o a first appreximation, or thne cases studi2d nersi,
and since Ho depends only ipon tne 2C currents applied o the
ccils, 1t follows that s provides a simple measure for comparing
comzetzing configurations.
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7. SYSTEM CONFlucnaldiudNe o xzaMulo Wik

ntrogduacticn
acla gquaiirzies Oof a singil=2-si1ded NMR system Zcr remots
Tion apgiications ilnclude:

- 20 cm, or mor=;

-
[$)]

i penextraticn depth of

ccrzanility, Derhaps witl 3 moveapli= i1nspecTicn
nead; and,

3 weri-defiined region oI homogeneous magnetic
Zield with a strength orf at least 1,000 Gauss.

a minlmum penetration deptn in the range c¢f
requiraed 1n many ©f the anticipated inspect
n ge enet
ter

ct

[o NN ()}
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neral, of course, the greater the p
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applications, portability of the resulting system may
1n others, portabilitv may be very desirable. Tran
Y, 1n contrast to portability, will be important in
all potential applications.

o3

u Oty
YN
ot

[ S

k\‘: [

strength of at least 1,000 Gauss will bpe
signal-to-noise ratio and, 1n addition,
ent1a1ly—un1que NMR signatures as hydroger
A well-defined region of homogeneous £
1n applications where the precise locati
of 1nterest must be determined.
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these goals 1n mind, five alternate system confic
£ive system

amote NMR detection were considered. These
gurations are briefly describped below.

A svstem itilizing =he toroidal geometrwv of the opposead
macgnert coniiguraticon. 17 TAls SvsStem, ©ODLOSLNg MAcnets
ar=s 1sed =0 Ddroduce “he ra2mote region of acmocenecus OC
I221d and 2 solenoid coil 13 uased %o nrocduce tne rI fisl
A Lastrument foniiguraticn Lo wnicn the 2C Ii=213 1s
sroduced v a C-shaped Lron-7Tcr2 macgnert and Tns riofoals
L3 Zrocucec Y oa Slat spilras: Coll

An LasTrument IOonLLFuraTicn Ln WRLTD IonesSed IoOL.8 I
scl=2no1ds ar=2 :sed <¢ ~roducs tne NCMmoeen=Cus r2clin

22 2C magne=iz 2.4 and a semizoroii 13 is=2 o Crcoduce
“ne rI Iie.Z.
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4. A systam configuration 1n wnicn opposed COl.S Cr 30i=-—
noilds ar= used to produce a nomegeneous region c¢i ri
field, and the required DC field 1s produced oy an al-
ternate cenfiguration, =2.3., a semitoroid.

(W

. An 1nstrument configuraticn 1n wnich both tne 2C
rZ Zi1elds are produced by semitorolds and ar= rai

ncnuniiormn.

Develcpment work has been carried out previously cn the first =wc
configuraticns and the results ¢f this work are cdescriped 1n =tne
nex:t section. This 1s followed by a discussion c¢f advanced-
design single-sided NMR remote detection systems. In zhe “:inal

secticn Of tnls chapter, the proposed single-sided systems ars
2valuated using the figure-of-merit developed in bhaoror Iv.

)
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n
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Technology

Recent work in remote detection NMR nas been dirsctsd towari two
;riﬁCLpal applications. Remote Inside-Out NMR was conceived and
develcped as a borehole logging tool for geopnysical evaluaticn.
Sing.e-sided NMR using a U-shaped magnet was developed Zor
measucrements of moisture in structural concrete and subsuriace

sci.s. These two technologies are discussed in the following
sections.

Inside=-0Out NMR

Inside-Cut NMR was developed for the remote cdetection of fluil
traoped i1n porcocus rock formations adjacant to a dborehoie (3,6,
An Inside-Out NMR system combines two of the components dis-
cussed 1n Section IV.B: an opposed magnet system (tc produce a
toroidal region of DC field) and a solenoid coil (tc produce a
nerpendicular rf field in the remote region).

S

\
\
/.

A sketch of an Inside-Out NMR system is shown in Figure V-1 (7).
The rf coil is located halfway between, and on the axis of, the
two magnets that produce the DC field. The magnetic field i
toroidal region 1s directed radially outward, and the Ifring
T 3

f£1eld ¢ the solenoid rf coil intersects the DC field a

t

jo ¢

an rZ pulse 1s apolied to the soclencid coi1l, as shown in
2 7-1, “he nuclear magnetization 1n the remote recicn .
4 from 1%s =2guillibrium posi=ion. The duration of <he ~
and the strength of 2he rf £field detzrmine =The <. anc.=2.

(O INE SRS N
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'

D

Tsulse, tTne nuclesar magnet.zation

Pl

=r
d, as shown .n Figure /-2 7. The
3 =
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ion 1aduces a /OLuaqe acCross -: N
noid coil, L.2., the NMR free 1nduction deca.w s

(T W

D
®

Dt
ot

D +



a-
oy

Q314 44 ------- ;) ,

NOI93Y TVAI0MOL | e ! %@.
184

W 10 _ éh
NOILVLOY .06 \ - !
L // //I \\\ S lz// \\
/ // =T/ ///.l\ ,
\ ~._-7 S
/
0
W

NOI93H TvdioHOl SNO3INIDOWNOH
NI NOILVZILINDVIN 01 3STINd 4H , 06 40 NOILYIITddY

[-A Aandy




[
0

NOILVZILINOVIN

HV3T1ONN 9NISS3034d WOu4 s
@71314 JILINOVN ONILYITUISO < S I3,
Nl
P ! ~~
0 / /
°H LNosvY "W \ o/ ﬁ
40 NOISS303¥4d ! ;==
\ w\\ N
/ ay, N ) S
! \
\ \
\ /
'/ —
// []
~o__
GI

'3STNd . 06 ONIMOT104 TYNDIS HNN DNIAIFOIH

Z2-A 8and g




wWhil2 tne gacmetry of Inside-Cut NMR 1s 1Zdea. I0r ra2mot2 1ST2C-
-.0n 1n we.. .Cgglnag appiicaticens, 1T 13 1SS 3UlTab.2 ISr Tncse
aprlications where access 1s .imiztad <o cnly one side, el
add:ition, at <he penetraticon deptis regulred, 1T 13 In.l<=2l Tna-s
~ne Inside-Cut gSecmetry cou.d produce =ne regulirsd o214
strangths oI 1,000 Gauss, =ven W1t 3ugerconcducting Tci.s oI .
Singl.=2-51ded NMR

Sing.2-sided NMR svstams nave oesn Jdeveioped 1n recant U23rs To
measur2 molsture leavels 1n structural concrate 3andé L0 sucsurfacs
301.s. Li1x2 Ins:de-Out NMR, discussed apcve, tnese 3.,/ST=mMS 2.5C
izT1llze <wo Of zThe components discussed .n Secticon IV7.3. Flirsc,
in 2.2cTromagnet with a U-snaped yoke 13 ised to cTroduce wne O
magne«y:c Zi21d. Then, a spiral rf ccirl 13 used fcr poth —rans-
mitIng =Zne ri pulse and receirving tne NMR signal. A sxetwcn I3
sing.2-si:ded system cf zhls <vype 1s shown 1n Figure 7-: ..

Trhe singie-sided NMR system for moisture detecticn 1o sTructural
ccncrate (3,4) emplcys an 1ron-core macnet wWith 2 U-snaned oxX2
The Lntericr length of the U-shaped yoKke 1S Ll iLaches, =—ne center
-0 Zenter distance petween tne magnet poi2 faces 1s accut L:
incnes (38 cml), and tne svstem s des:igned to operats 3T 3 1=l
szrength of 494 Gauss.

The useable penetration depth of this system 1s apout 1J cm,
altnough the magnet oroduces 494 Gauss fields at distances ci o
to IZ cm. Presumably, limitations in the rf components prec.uds
oreration at penetration depths getween 10 and 1S cm. As ccn
filgured, the system operates at 2.1 Meganertz and reguires 200
<l.owatts of rf power to produce a 30 microsecond 3J0-degrse

3

culse.

At a penetration depth of 2.5 cm, the sensitive region is
approximately 7.5 cm in diameter and 0.6 cm thick. As expected,
the sensitive volume i1ncreases with lncreasing distance Zrom the
instrument.

Singie-sided systems designed around 1ron magnets wi+th J-shaped
vokes are, by necessity, gulte neavy. The electromagnet fcr <«h
svstem descripbed above weighs apprcximataly 60C »ounds, and <he
issccrated =2gulipment weighs an addizicna. 4353) gounds.

C. Advanced Single-Sided NMR Svstems

The drawbacks <-f the Inside-2ut NMR Zecmewnr s Ior sincl2-s13ed 'IMR
1TTilCaticns are 2o0vious. Fur<nermere, 1% wWCu.G De IAlIIlczulczT,
Ternacs 1Mpossisie, %9 2ngineer 131 sincie-sided NMR so3Taem
LNCZCrocoratiiag a J-snapec, Lron-cor2 Tagnert Tnat wouLl SXnioSiTo il
—ne Zdesiraplse Jua.ities d13Cussed Ln 3ecwion A I Tnl3s Inagnmer
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Tc addr=ss <hese .ssues, thr=2e potential single-sided NMR ccon-
Ilyurasions were considered. The first utilizes opposed Lccrs
arnd 2r sci=ncids <o produce tne remcote region of OC fi1=2:4d anc 3
s2mizcroid =0 croduce the rf f:ield. This 1s termed 2prosed Loco
Semitcorcld Remote NMR.

The second utililzes a semitorold to produce %he He fi1=2.d and
scoesa24 1oCcps Or solenolds To produce the ramote rI o Ils . This
13 =2rmed 3S2mizoroid. Opposed Logr Remote NMR,

The =<nird utillizes Two semitoroid cCoilis, one for <he DL Si=12d 3n
=ne srtner for the rf field. This 1s =Zermed Double Semitoro:d
Remcte NMR. These three possible system configurations are 3d:is
cuss2d pelow.

stcos=2<d _oop-Semitornid Single-Sided NMR Svstem

£1.

An crocsed loop-semitoroid single-sided NMR systa2m Ls sheown in
Figure 7-4. 3Steady currents flowing through the oppcsed .ccres
crocduce the remote regicn of homogeneous field, Ho, wh.cn .s
directed along the Z-axis. The rf field, H., 1s crccduced by 3
semitcrcoid and i1s directed pergend:icular to the Ho I:=214.

An adwantage of this cenfiguration 1S that the aomocenec us regio
2 f1e.d 1s Large and well-def:neZ. However, a potentiil draw-
Dacxkx 13 znat tne rf field mav —ary significantly, over the ToLluire
cZ =ne He Ifileld. It i1s Juits .lkely, *=hougn, =zhat I:=.3 shapinc
Tould ce ised <3 SDpLimlze ICULD..LnG Zetween =ne “we 12035
Semitcrzid Cppcsed Leop Sing.2-3:ded MNMR Ivstam

A Z2mitzIrold orccosed L2eC 3ingle-siied NMP O 3USTaETm L3 Incwn L
flzir= U-I. The D2C Ifi2.2, dc, 13 Zrocduced o3 3EMITIrTiloan
iiracte2d gercendlTilar T Tne Z-3aXl3. Tne rTocurrenti: Iliwins
TorTlIn Toe Tonesed (3CCE Sroduc® i SCmegeneS2cUs r2ILIn 00 v
Il=lZ, HL, wniTn 13 directed alcnd Tne 2-31xi3

lzmzarac T o Tne Trevicus SIiIorz D2
advantages. The i fie] .noos
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calculated value of Fs 1s 58.3 x (E=-3) NI Tng izt oLz
increased to § = +2.5, Fs falls =o 6.36 x (E-3,, almost a faczor
of ten.

However, when the solenoids are ciiset 1n the cpposite dirsction
to S = -2.3, Fs increases toc 7.7 x (E-5). This represents an
increase of cover a factor of 100, The latter value of Fs

represents a significant rmprovement over any of the previous
configurations.

Inside-Qut Helmholtz/Semitoroid System

Calculations of Fs and other relevant parameters Zor Inside-~Cut
Helmnol-z,Semitoroid systems are presented in Table 7-4. Al-
Taouch the maximum attalnable field strengths for these svstems
are ccmparable tc those of the previcus configurations, tne
‘remcte regicons of homogeneous field are much larger. This leads
tc a dirsct increase in the figure-of-merit.

I~
z
“

L

For =2xample, with an inner coil diameter of five, a set of simple
opresed loops gives Fs = 53.3 x (E-8). The comparable value for
an Inside-0Out Helmholtz configuration is Fs = 22.5 x (E-3), whicn
1s over a factor of 400 larger. 1In addition, this Fs is almost a
facter of three larger than the most favorable configuration of
offset opposed solenoids.

The figure-of-merit is a strong function of the diameter of the
inner coil, and as this diameter increases, Fs decreases. How-
ever, pota the overall size of the coil system and the
penetraticn depth increase with increasing inner coil diameter,
SO0 practical considerations may lead to compromises in the choice
of system configuration.
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EIGURE-DF-MERIT AND CHARACTERISTICS
) INSIDE-QUT HELMHOLTZ OPPOSED CCILS

r o zZhe outer coi. 13 Ra = 10 dnits, anc &the
t the center of this coil 153 a = 1.0. The dia
is Ro, and the magnitude of the field at zne ¢
1s . The offiset distance is S.

f maximum field on the Z axis i1s 2Zm. The Ifie!l
. The diameter of the homogeneous region, det
nge 1n B, 1s aZ and the volume of this region
ear magnetization, and Fs 1s tne figure-of-mer
I the form x{E+Y] mean "times ten ralsed ¢ %h

7m Mo

S Zm 3m dz {XE+2Z) (XE=-2
3.5 1.3 0.3501 0.279 1.24 .01
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I ADVANCED SINGLE-SIZED REMCTZ DETECTICN NMR 3SYSTEM
A, Introduction
The figure-of-merit evaluations of <he prevjious chacter .=2ad
directly to a preferred conficuration for an advanced single-
sided NMR system for remote detectlon applications. Speciiic
features of the preferred configuration, estimatad signal-to-
noise ratlos, and practical considerations associated wi<h
implementation are discussed i1n this chapter.
3. System Configuration
Based upon the figure-of-merit calculations, 1t appears that a
single-sided remote NMR system that utilizes Inside-Out Helmholtz
col1ls to produce the steady Ho field vpossesses clear advantages
over competing conficurations. Witnh proper design, 'such a s»’3Zam
snould exhibit all or most of the desiraple attributes discussed
1n the previous chapter, i.e., & reasonable penetration denth,
sorzapllity or transportabi:ilsy, and a well-defined r=zmote recicn
of inspection.
A sketch cf the proposed system is shown 1n Figure VI-l. In tais

sketch, the semitoroid 1s shown with a major diameter approxi-
mately equal to the diameter of tne inner coil of the Inside-Cut
The optimum configuration would, of course,

Helmhol*z pair.
depend upon the particular choice cof Inside-Out Helmholtz
2(Rb), the configuration

geometry. However, assuming Ra
lustrated would provide an rf field strength at the center

i1l of
the remote region approximately 20 - 25% of the field strencth
availlaple at the semitoroid face. In addition, the inhomogenelilty
of the rf field over the remote volume 1is estimated to be less

than 10%, which is very attractive.

It may be desirable to design the system with two separate rf

coils, one for transmitting and the other for receivinc. Such a
design may lead to a more efficient use of transmitter power or
to an i1mprovement in the signal-to-ncise ratio through reduced
s/stam recoverv time, improved detactor coil ), or the l:ike.

If separate raceiver and transmitter coils are reguired, a simp.=2
soluz:ion would pe to incorporate a solenoid detector ccil as
shown 1n Figure JI-2. The detector coil wcould then ze orilentad
Z0 minimize couvling with the semitoroid. An attracti~e al=sr-
native may be to employ crossed semitorolds simiiar tc those

in Figure 7-6 (24).

shown
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Schematic of Single-Sided NMR System
Utilizing Inside-Qut Helmholtz Coils
for the DC Magnetic Field
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C. Zignai-Tc-Noise Ratic

Zguation II-7 was used <O Ca.Cu.dT2 The S1In3a.-"C-nclse ratio
ewpec:ed tO De observed Ifrom a 3silngla-sided NMR 3ystam orcducing
a 1,300 Gauss field 1n a remote ragion .0 centimetars awaw
“nder the Icllowing conditions,
. 22
Proton Density = 6.6 x 10°7;
Sample Temperature = 300 Kelvin;

System Bandwidth, B = 42.37 XKHz;

Ra = 2(Rb) 40 centimeters

d = Zm; 2 3Zm, 2; /4 = 0.3;

nd with the factor F set equal to unity, the SNR was calculated
o ce

ot}

SNR = 11.4.

Although there are a number of effects that will act to reduce
the expected SNR from the calculated value, this is an encourac-
1ng result. In addition, it is likely that the above conditions
could be optimized to produce an even greater estimated SNR.

An 1nteresting result, whnich arises from the geometry of the
Inside-Out Helmholtz system, is that the estimated SNR for a
particular configuration is independent of the penetration depti.
That 1s, if the size of the above system is doubled, and the Ho
fieid in the remote region remains the same, then the predicted
SNR 1s again ll.4. The reason is that the volume of the remote
recion varies as tne cube cf the penetration depth. Therefore,
at constant Ho field, the signal-to-noise ratio is independent of
Denetration depth. Of course, practical constraints on coil
size, rf field strength and tne like, ‘make it very -nlikel/ bhat

are addressed oelow.

It snculd also be noted that there are effects wnhicn will act =o
reduce the signal-to-noise ratio calculated abcve. Firsz, =ne
SNR depends directly upon =<he zsroton densitv, and a matarial wisn
a nich proton density was assumed. However, manv exz.csive
compounds also have high 2roton densities, S© Zhis mayv 10t Dose 3
sericus propblem.

Second, the SNR calculatzd above assumes that 7 = 1.J0. The
guantity F 1s a factor that includes the effects of Zinize r:
Juise length, r{ Zield inhomcgeneity, system recovery time and
signal l1oss due to shor= TZ times. Small changes in rf oulse
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¥S1S OI tTne =2lactrical and Savsica. characteristics cf the
i1 the system azove shows <nhat the Q and i1nductance re-
nts can be met Ior coil diameters between apout ! and 27
While the lower limit does not present a serious
lnt, ;he upper limit suggests tnat the transition recgion
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near 2o = 27 cm.
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svystem recovery time depends, S0 some axtent, upon the Larmor
or static field, chosen for observation. The higher
equency or field, in general, the shorter the reccvery

In addition, the shorter the T2 of the material under

v, the greater tne loss of signal during the recoverv time.
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se considerations were collected into the followinc ad hoc =x-
ssion for the factor F,

'u

r

%*

o
1]
)
1

xp(~1/Ho)/((2/20)° = (2/20)7), VI - 1)

wners D and Zc ars constants and Ho is the applied I:
<r.ogauss. Since th T2 times of most explosive com

L2 LN
-
i

2
Cuncs are

simllar, and short, the dependence cf F on TZ was not =2xXDlLicl<..
tnclzded. Implicit in this expression 1s the assumgticn that tne
effect of the recovery :* me will reduce tZne avaiiabie SNR ov a
factor of ‘i/e, at a field of 1,000 Gauss, and mor= 3t .cwer
Ii=2.ds.
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n Zc 15 the appiied field 1n x1logauss.

cns II-7 and YI-2 were used toO estimate signai-to-nolse

fcr a variety of penetration depths and apoli=d IZields.
sults are presented in Table VI-1, and the strong depen-
oL SNR on applied field is immediately obvious. At (.3
auss, a venetration deptnh of 2 cm provides & Ddar de
while at 1.5 kilogauss, penetration degtis oI =0 npe
idble.
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The SNR also depends strongly upon the configuration of the
Inside-Out Helmholtz coils. Predicted signal-to-noise ratios :fo
" a variety of configurations are presented in Table VI-2. Two
cases are covered in this table. In the first, the Ho fields in
the ramote regions are assumed to vary as indicated in Table V-4
with a 1,000 Gauss field for the Ra = 40 cm system. In the
second, a 1,000 Gauss field is assumed for all configurations.

It 1s obvious from Table VI-2 that the SNR is strongly dependent
apon the system configuration. Unfortunately, the most attrac-
~ive configurations, from a practical standpoint, also exhibic«
the .owest signal-to-noise ratios.
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SINGLZ-SIDED NMR SIGNAL-TM=NCISE RATIZ
JERSUS PENETRATICN DEPTH AN APPLIEZD FIELD
Signal-to-nolse ratics Ior sincil2-s:ded remote detalticn NMR svstams
as a function of the penetraticn depth 1n centime=ers and tne 373%1C
field 1n xi1logauss. An Inside-Out Helmhcoltz zeometrw with Ra = . Rc

1S assumed.

SIGNAL-TO-NCISE RATIO

0.5 KG 1.0 XG 1.3 KG
0.497 5.40 17.0
0.304 3.30 10.4
0.193 2.09 6.58
0.096 1.05 3.29

0.053 0.575 l.
0.031
0.020 0.

0.014
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O MR :‘\J‘.Jr\..‘..‘ C-NCIzz =~A772°
rems semTr e s -

LS CUIL JONFIGURATIOCON

S1Jn3l-T2-ncise ratics 1n sxrgle—sxdec NME 3VSTems =mUioyinI Insioe-
] 2at Helmncitz colls. As indicatsd oe ow, ~nle penertriatlicn Iertn LS
Z2ntimet2rs, and the diamer=r of zhe 1nner <oi1. ‘Rp 15 20 cenztime-
~2rs. The diameter Df the outar COll varies depending ugcn Tne
sarzicular Inside-Qut Helmhol<z coniiguration chosen.
Signa.-=7Cc-nolse ratlios are presented fCor TWO separat2 Tases, A and
3). The signal-to-nolse ratlos DJresentad 1n column Zive, Case 3,
issume Tnat The ampere-turns 1n tie large dlametsar Qutar Col. 13 ne.l
constant, independent of configuration, and zTnat zhe fi121d strenczi
“ne remct2 region varlies as indicated i1n Table 7-4. Furthermore, fc
Ra = 40 centimeters, the static field 1s assumed <o o2e 1,000 Gauss.
The slgnai-to-nolse ratios 2resented in column six, Case B, assume
~nhat zne Zie=ld :t*enq*n in the remot=e region 13 :indenendent of
coniiguraticn. A field of 1,000 Gauss 1s assumed for =2ach Case.

2.601 0.242 1.31
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z. SrAlSTIIaL JInSLaSr3tlIns

I Ircer <o o lmplement Tne Irofldsed sLnI.S-3lZed GMEosrstem, 3
nomEer I SracTical fonsiderations TUST e 3AGdrassed. o
CarTiCuL.3ar, Tne Iurrants ragurrad To nroduce tne 3wmeady L=l
—ne TavsiZal advantages and LLmiTatlons oI 3TeCiIlT IOl
yecmeTri2s, 3ncd 3nY 2.aCTrifal =2120Tronll 1ITLT3TIOoONS MIsT CE
Zaken 1n%To account These =CD123 3re drscussed Ln =ne Tnr=e
s@CTicons wnlsh IDL.cw Delcw.

carrant Regulr=sments

The r=3Julred numper Of ampere-Tirns TC Sreduce a Ilven .=ld
STrencTn 1 the remote r=2glon wWas ca.lculated Ior severa. Ias:
Cuc He.mnolzz corl geometries. The results fOr cne parTicula
z2ome~ry, 1.e., the Ra = 2{(Rb] ceomerryv, are shown 1n Figurs
71-2., This 13 a nlot of the ampere-turns regulred 1n the .ar
Zrameter coll as a Iunction of the penetration depbth, Im, and
Z.21d strencgtn 1n the remote region, Ho. It can De seen -nhat
we.. over 200,000 ampere-turns are regulred to produce 3 r=mo
Ireld cf 1,000 Gauss at a distance or 10 cm.

The raguiired number of amper=-turns depends upon the speciiicC
secmetrv of the Inside-Out Helmheoltz pair. For constant
ocenetraticon depta and remote regicn field strength, the reguil
numcer of ampere-turns in the outer coil is a minimum f{or %<he
= Z2/Rp1 geometry. This is shown in Figure VYI-41, which assume
outer coil diameter Ra = 10 units.
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2cil Geometries

The Inside-Qut Helmholtz conficuration offers a ide range of
Jeometries suitable for single-sided NMR. This range is
:llustrated in the sketches c¢f Figures VI-6 through VI-1li.

These sketches, which are drawn to scale, show s1x separacts
Inside~Out Helmnoltz geometries. The diameter of the outer coil
1s held constant in each of the sketches. The spheres on the
Z-ax1ls represent the relative sizes of the remcte regions of
field, with a 1% change in field representing the boundarv.

It 1s obvious from this series of sketches that scme coil
gecmetries are more attractive than others for single-sided NMR.
As the diameter of the inner cocil increases, the distance to tne
remote ragion (i.e., the penetration depth) also increases. In
addition, the size of the remote region increases. Therefore,
those geometries with relatively large inner coil diameters would
appear to be very attractive for single-sided NMR applications.

However, as the inner coil diameter increases, the figure-of-
merit for the system decreases. This 1s a real effect and means
that, all things being equal, a system with a smaller inner coil
diameter will outperform one with a larger inner coil diameter.

There are two reascons for this result. First, the coupling
between the remote region and the detector coil (and, nence, <he
figure~of-merit) varies as the inverse cube of the penetration
depth. Second, the strength of the Ho field in the remote reglon
decreases with increasing penetration depth.

The first effect is common to all remote NMR configurations and
little can be done. Since there may be little advantage in
operating the system at fields above about 1,000 Gauss, because
of level crossing effects, the second effect may be partially
compensated by choosing an attractive geometery and then
increasing the current in the coils to produce the required
external field. However, this strategy cannot be pursued
indefinitely since the coils have current limits. These limits
are discussed in the following section.

CUi. waimltations

There are two potentially serious drawbacks to the use c¢f super-
ccnducting coils in the proposed system. First, superconducting
Co1.s Must pe immersed in liquid nhelium. This problem would bde
vers d1fficult to overcome were it not for a recent advance 1n
cryogenic technology: the development of insulated contailners
that require refilling only three or four times a year and litzlsz
maintanance. For a stationary field instrument, this snculd be
adequate. For a portable system, thougn, the reguirement Ior
liguid nelium may still pose seriocus problems.




Inside-0Out Yelmholtz Geometry

For Ry = 10 and Ry

=3

Coil A Coil B
r, =10.0 ry = 3.0
la = 1.0 1b=0.3
A®
S =35
n= 1.5
V,=25
Bo
vm
Be
Ao
+ | }— »
=S 0 Zn, 2
Figure 7I-6




Coll A
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S =30
Z =20
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Figure VI-7?

Inside-Out Helmholtz Geometry
For Ry = 10 and Ry = 4
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Coil A Coil B
ro =10.0 ry =5.0
13 = 1.0 ]b,z OS
A®
S =25
m=2-5
Vn=5.8
m .
BO
] 1 1
1] T h’
Ve, / Ho
B®
Ao
- } + —p
-3 0 2 Z
Figure VI-8

Inside-Qut Helmholtz Geometry
F0r3a=10ande=5




90

Coil A coil 8
r, = 10.0 ry = 6.0
T2 =1.0 . 1y = 0.6
/\<8
S =20
| Z_.=30
Bo V=78
L } / I »
BC@
Ao
+ - + >
=S 9 Zm 2

Figure VI-9

Inside-Cut Helmholtz Geometry
For Ry = 10 and 3y =4




Coll A coit 8
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Tigure 7I-10

Inside-0ut Helmholtz Seometry
For Ry = 10 and Ry = 7
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il A Coll B
ra =]OO Fb=8.0
a = 1.0 lyg = 0.8
A@
S =10
®
Z =40
V=123
— /', >
Vn| HO
o)
Ao
— ; >
=S 0 Zrn v

figure VI-11

Iinside-Cut Helmholtz Geometry
Tor R, = 10 and 3 = 2
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Second, the maximum remote field attainable Ircm a superconduc-
ting Inside-Cut Helmnoltz pair may not oe adeguats. The maximum
field depends upon the maximum current that can flcw <hrougn =ne
coils, and =he maximum currant 15 determined oy the magnizudes of
the fields produced at the sites of the coil windings.

Superconducting materials can only -olerate magnetic Iie
a certalin maxlmum pefore reverting to thelr norma. state
fields at the sites of the coils of an Inside-Out Helmho

U

the coils. The maximum remote field i1s reached when the
current is reached in one or both of the coils.

To addrass this prcplem, we contacted Dr. James Carolan, Pr=ss-
1dent cf the Nalorac Cryogenics Corporation, a manufactur=sr of
superconducting coils and associated compcnents. DOr. Carclan
analvzed this problem using a computer program developed Zor tials
ouroose (26). His conclusions, for the Ra = 2(Rb) geometrv, were
that a 1,000 Gauss remote field with a penetration denth of 30 cm
1s cerzainly possidle and that remote rfields up to 2,000 Causs
may De achievadle.
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VII. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

The results of this study lead
conclusions regarding remote de
single-sided NMR technology.

ne following principal

to ¢
tection of explosives using

1. Remote detection by single-sided NMR appears
feasible. The present analysis indicates that
Jseable penetration depths and adequate signal-
To-noise ratios are attainable.

2. NMR remote detection of certain explosives is
possible, but detailed data on the NMR »rcper-
t1es of explosives are sparse. It may also pe
possible to define a unique signature, using
aydrogen/nitrogen level crossing, for =ach
e2xplosive compound. Additional data and
analyses are required.

3. An advanced NMR remote detection system will
require superconducting coils to produce the
magnetic field. '

4. The preferred configuration will employ an
Inside-Out Helmholtz pair to produce the
magnetic field, and a semitoroid coil to
produce the rf field.

B. Recommendations

These conclusions lead directly to the two recommendations pre-
sented below.

Recommendation l. Acquire NMR data on the compounds
of direct interest. Proton relaxation times ana
the effects of nydrogen/nitrogen interactions are
of particular importance.

Recommendation 2. Perform a feasipility study for a

field-useaple system. Use the data from Reccmmend-
ation l, apove, to address the nossibilityv of
discrimination petween various explosives. Zstimacze
inspection times under various sets of conditions.
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VIII. NOMENCLATURE

Corr=iaticn Time. For random D>rocesses sSuch as molecular
mcTicn, & measur=2 oL the time dependence of the fluictuations.
In NMR, correlation times near the inverse of the Larmor
Iraguency produce snort Tl times.

Dead Time. The time for the NMR system tc recover followinc
an rf pulse, 1.2., the time i1t taxes for an FID %o be visiole

atter a pulse. Also called the recoverv tine.

FID. The NMR free incduction decayv signal following the
1cation of an rf pulse, or pulses, at the Larmor frequency.

rr2e Induction Decay. See FID above.

dc Field. The externally-applied magnetic field responsible

for nuclear precession at the Larmor freguency.

Fieid. The rf field applied at the Larmor frequency to tip
the nuclear magnetization. The Hl field is applied perpendi-
culiar to the Ho field.

Inside-Qut Helmholtz. A set of coils with spacing, radii and
current flows arranged to produce a remote region of homoge-
neous field. At the remote field maximum, both the first and
second derivatives of field strenagth with respect to distance
are zero.

Inside-Out NMR. A particular type of remote NMR configuration
in which opposed magnets are used to produce a toroidal remote
region of homogeneous field. Originally developed for well
logging applications.

Larmor frequency. The frequency at which the NMR experiment is
performed; the precession frequency of +the nuclei in the static
magnetic field. The Larmor frequency i1s proportional to the
strength of the static magnetic field and, for protons, is 4.26
MHz at 1,000 Gauss.

Polarization Time. The duratiocn of time that the item <o oe
inspected i1is immersed in the static magnetic field zef
iaterrcoccation oy the NMR pulse sequence.

Recovervy Time. See dead time above.

RF. Radio-:Irequency; in NMR, frequencies in the range of

pout 0.3 - 300 MHz.

RE Pulse. A shcrt, intense burst of rf energy applied tc the
nuclei by +he transmitter.
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RF Pulse Sequence. A seguence of rf pulses designed to =2lic:t
a specifiic response from the nuclear spin system.

Solid Echo. A response from stongly coupled nuclei in solids
oproduced oy a sequence of two closely spaced rf pulses. The
solid echo 1s often used toc improve the SNR in systems while
observing signal- from short T2 materials.

SNR. The signal-to-noise ratio of the NMR system; usuallv
refers to the voltage SNR.

Soin-Lattice Relaxation Time. See T1.

Spin-Spin Relaxation Time. See T2.

Static Field. See Ho field above.

)

.

The spin-lattice relaxation time cf the nuclear spin
ystem. The characteristic time for the nuclear spin svstem
O raturn to thermal egquiliprium with 1ts surroundincs
clliowing a cisturbance.

mrtml

T2. The spin-spin relaxation time of the nuclear spin sv

3
The characteristic time for the nuclear spin svstem to r
to i1nternal equilibrium following a disturbance.

tem.
STarn



(V)]

~J
.

a7

XI. REFERENCES

L. J. Burnett, "A Study To Review and Evaluate Customs
Nuclear Macnetic Resonance Eguipment and Programs"”,
Final Report on U.S. Customs Contract TC 84-25,
January 1985.

[y

J. D. King, W. L. Rollwitz, and G. A. Matzkanin, "XNuc.=ar
Magnetic Resonance Technigues for Explosives Detecticn”
C.5. Armv, Final Report on Zontract Number JAAK(Z2-T4-C-7
Sune 1973.

oo~
(]
n
[VN

G. A. Matzkanin, A. DelosSantos, and D. A. Whiting,
"Determination of Molisture Levels in Structural Concrets
Using Pulsed NMR", U.S. Cepartment of Transvortation, T
Report on Contract Number DOT-FH-11-9487, April 1982.

G. A. Matzkanin and A. DeLosSantos, "In-Situ Determinaticn
of Moisture Levels in Structural Concrete by a Modified NMR
Method", U.S. Department of Transportation, Final Renor= cn
Contract Number DTFH61-83-C-00015, May 1985.

R. K. Cooper and J. A. Jackson, "Remote (Inside-Out; NMR .
Remote Production of a Region of Homogeneous Magnetic Fireld"
Journal of Magnetic Rescnance 41, 400 (1980).

L. J. Burnett and J. A. Jackson, "Remote (Inside-Out) NMR
II. Sensitivity of NMR Detection for External Samples",
Journal of Magnetic Resonance 41, 406 (1980).

J. A. Jackson, L. J. Burnett and J. F. Harmon, "Remote
‘Inside-Out) NMR III. Detection of Nuclear Magnetic
Resonance in a Remotely-Produced Region of Homogeneous
Magnetic Field", Journal of Magnetic Resonance 41, 411
t1980).

£. R. Andrew, Nuclear Magnetic Resonance, Cambridce
“niversity Press, Cambridge, 1955.

A. Abragam, The Principles of Nuclear Magnetism, Jlarendon
Press, OxIord, 1961.

T. C. Farrar and E. 2. Becker, Pulse ancd four.er Transform
NMR; Introduction =2 Theorv and Methods, Academic 2Press,
New York, 1971.

Z. Fukusnima and S. B. W. Roeder, Experimental 2ui.s2 NMR,
A Nuts and 3ol%s Approach, Addison-weslevy, ReadinzT, MA,

1981; nages 463-7.

Reference 3, page 39 (as corrected).




)

2

N

[\¥]

(W}

(&)

W

0

'

w

o8

O. I. Heulit and R. Z. Richards, "The Sicnal--o-Nolse Rat:ic
of tne NMR Experiment", Journal of Magnetic Resonance 24,
Lo l9Te .

2. L. Hutchinson, 2d., The ARRL Handkoox for tne Radio

aratsur, american Radic Relav League, Newington, CT, 198¢%.

R. E. Ricnards, "The Principles Involved in the Studv of
Mol2cular Moticn in Solids bv NMR", a chapter in Molecular
Jvnamics and Structure of Seolids, R. S. Carter and J. J.
Zush, eds., NBS Special Publication 301, June 1269.

R. Ancrew, "NMR and Molecular Motion in Organic
15", a chapter 1n Molecular Dvnamics and Structur=s 9o

tt,

, R. S. Carter and J. J. Rush, 2ds., NBS Special
ation 301, June 1969.

Ut (1

3axer, "Proton Relaxation and Molecular Xotion 1in
.v.scbutylene", M.S. Thesis, San Diego State Univers:ity,
Aucust 1986,

l' O,
O

3. M. Dobratz, ea., LLNL EZxpvlosives Handbook -- DPrcowerti=as
cr chemical Explosives and Explosives Simulants, Jniversizt:
s California Technical Report, UCRL-52997 (1981)

ot

T. Barbour, Pvrotechnics In Industrv, McGraw-Hill,
New York,

.
L]
.

T. CUrbanski, Chemistrv and Technology of Explosives, M.
Jurecxi, ed., S. Laverton, transl., Pergamon, Oxford,

a. N. Garrowayv and #. A. Resing, "Proton Relaxation in
-,3,3-Triaminc-2,4,6~-Trinitrobenzene (TATB)", Naval Researcn
Laboratorv Memorancum Report 4250, June 1980.

~. J. Burnett, "A Study To Evaluate Nuclear Magnetic
Resonance For Narcotics Detection", Final Report on
C.S5. Customs Contract CS-085-2075-1, April 1986.

A. R. Rath, S. B. W. Roeder, and E. Fukushima, "Zoposed COL~
Magnet Calculations For Large Sample and Unilateral Nucl
Jagnetic Resonance", Review of Scientific Instruments
402 (1983).

Z. Fukusnima, S. B. W. Roeder, R. A. assinxk, ané a. A. 7.
Gioson, "Nuclear Magnetic Resonance apparatus Having Semi-
“croidal RF Coil for Use In Tecpical MNMR andé NMR Imacing",
¢.S. Patent Number 4,35%0,427; May 1286,

-. a. Brewn, J. A. Jacxson, and A. R. Xoeile, "Western 3as
Sands Pro ect Los Alamos NMR well Lodeing Toel Zevel.comenz',
Lcs Alamos National Laboratory, Repor+ Numper LA-12271-PR,

Marcna 1985,




99

26. Dr. James L. Carolan, Nalorac Crvogenics Ccrporation,
837 Arnold Drive, Suite 630, Martinez, California, 943533;
private communication.







